Background: Postoperative pulmonary and renal complications are frequent in patients undergoing lung surgery. Hyper-and hypovolaemia may contribute to these complications. We hypothesized that goal-directed haemodynamic management based on oesophageal Doppler monitoring would reduce postoperative pulmonary complications in a randomized clinical parallel-arm trial. Methods: One hundred patients scheduled for thoracic surgery were randomly assigned to either standard haemodynamic management (control group) or goal-directed therapy (GDT group) guided by an oesophageal Doppler monitoring-based algorithm. The primary endpoint was postoperative pulmonary complications, including spirometry. Secondary endpoints included haemodynamic variables, renal, cardiac, and neurological complications, and length of hospital stay. The investigator assessing outcomes was blinded to group assignment. Results: Forty-eight subjects of each group were analysed. Compared to the control group, fewer subjects in the GDT group developed postoperative pulmonary complications (6 vs. 15 patients; P ¼ 0.047), while spirometry did not differ between groups. Compared to the control group, patients of the GDT group showed higher cardiac index (2.9 vs. 2.1 [l min À1 m
Various factors influence outcome following lung resection surgery. Important factors include perioperative fluid and haemodynamic management. Prevention of fluid overload might reduce the incidence of PPCs after lung surgery. [6] [7] [8] [9] On the other hand, a restrictive perioperative fluid regimen can cause postoperative renal dysfunction and acute kidney injury (AKI). 10 Various haemodynamic monitoring methods (e.g., pulse contour method, pulmonary artery catheter, transoesophageal echocardiography) have been employed in non-cardiac surgery for individualized haemodynamic management. 11 However, most of these methods are not evidence-based, highly observerdependent and invasive with an associated increased risk for complications. [12] [13] [14] [15] [16] The working group of the Enhanced Recovery after Surgery (ERASV R ) Society developed an evidence-based algorithm for goal-directed haemodynamic management that includes monitoring of cardiac output and stroke volume. 17 Use of oesophageal Doppler monitoring (ODM) is one means of guiding fluid management, which has been demonstrated in a variety of surgical procedures, [18] [19] [20] [21] [22] [23] and its feasibility has been confirmed in lung surgery patients. 24 The effects of goal-directed therapy (GDT) on outcome following various types of surgery are contradictory. 25 26 However, GDT effects on the incidence of PPCs following lung surgery have not previously been investigated in controlled trials. We hypothesized that ODM-guided intraoperative haemodynamic management reduces the rate of PPCs following lung surgery.
Methods
This randomized clinical two-arm parallel study was approved by the local Ethics Committee, Freiburg, (Fig. 1) . Inclusion criterion was indication for elective lung parenchyma resection (mostly for cancer or metastases) via thoracotomy or video-assisted thoracoscopy. Exclusion criteria were emergency surgery, age < 18 years, New York Heart Association Functional Classification 4, morbid obesity (BMI> 50 kg m À2 ), cardiac pacemaker, automated implantable cardioverter defibrillator, oesophageal pathologies, pregnancy, intraoperative blood loss > 1.5 L, intraoperative use of diuretics, recent history of pulmonary embolism, cardiac valve pathologies and intraoperative blood transfusion.
Anaesthetic protocol
For subjects scheduled for thoracotomy an epidural catheter was placed in sitting position at interspaces T4/5, T5/6, or T6/7 (depending on the site of surgery) via an 18G Tuohy needle (Pajunk, Geisingen, Germany) using the midline approach and hanging drop technique prior to general anaesthesia. A test dose of 2 ml of mepivacaine 1% (20 mg) with epinephrine (10 mg) was administered through the catheter to test for inadvertent subarachnoidal or intravascular placement. Epidural analgesia was induced by slow injection of a total of 8-10 ml of ropivacaine 0.2% and sufentanil (0.2-0.3 mg kg À1 , maximally 25 mg), followed by a continuous epidural infusion of ropivacaine 0.2% and sufentanil 0.5 mg ml À1 at 8 ml h À1 during surgery and until 72 h after operation. For subjects scheduled for video-assisted thoracoscopy a paravertebral catheter ipsilateral to the site of surgery was inserted through an 18G Tuohy needle. Analgesia was induced by a bolus of ropivacaine 0.2% (8 ml) followed by continuous infusion of ropivacaine 0.2% (8-10 ml h À1 ). A radial artery was cannulated for continuous blood pressure and intermittent blood gas monitoring. In subjects scheduled for thoracotomy and for thoracoscopic lung resections expected to involve extended parenchymal resection (defined as segmentectomy or more), internal jugular or subclavian vein was cannulated. Anaesthesia was induced with i.v. sufentanil 0.4-0.6 lg kg
À1
and target-controlled infusion of propofol (Propofol 1% MCT and Injectomat V R TIVA Agilia, Fresenius-Kabi GmbH, Bad Homburg, Germany) at targeted plasma concentrations of 2.5-4 mg ml
. Depth of anaesthesia was monitored by bispectral index of the EEG (BISV R , A-2000 monitor, averaging time ¼ 30 sec; Aspect Medical Systems, Newton, MA, USA). A BIS value between 40 and 60 was considered appropriate. To facilitate tracheal intubation with a double-lumen tube an i.v. bolus of cis-atracurium (Nimbex V R , 0.1 mg/kg BW) was given. During surgery depth of muscle relaxation was monitored using train-of-four (1 twitch out of 4 was considered adequate). A left-or right-sided doublelumen endobronchial tube (35-39 Fr/Ch (11.7-13 mm), BronchoCath V R , Covidien, Neustadt an der Donau, Germany) was used in both groups. Correct position was confirmed by fiberoptic bronchoscope (3.7 mm in diameter, fiberoptic bronchoscope, Storz, Tuttlingen, Germany). Pressure-controlled ventilation with a positive endexspiratory pressure of 5 cm H 2 O and peak pressure < 30 cm H 2 O was applied for both double-lung ventilation and OLV. During double-lung ventilation the inspiratory oxygen fraction was set to 0.4, whereas 0.8 was chosen for OLV to ensure oxygen saturation greater than 90%. For double-lung ventilation, tidal volumes up to 8 ml kg À1 and a respiratory rate of 10-15 min À1 were chosen, for OLV tidal volumes up to 6-7 ml kg À1 with a respiratory frequency of 10-15 min À1 were used. In both groups re-inflating of the previously non-ventilated lung was restarted by a manual recruitment manoeuvre for 10 s to 30 cm H 2 O five times. After reversal of the neuromuscular blocking agent and response to verbal command, all subjects were extubated in the operating room and then transferred to the intermediate care unit. Core temperature was maintained above 36.0 C by a forced air warming system.
All subjects enrolled in the study underwent uneventful placement of the double-lumen endotracheal tube and OLV. Management in the intermediate care unit was not study protocolized but standardized. Until the 6 th postoperative day pain
Editor's key points
• Postoperative pulmonary and renal complications are common in thoracic surgery, and might be reduced by goal-directed haemodynamic management.
• A pilot single centre study randomized patients undergoing lung resection surgery to an oesophageal Doppler cardiac index monitor based algorithm or conventional haemodynamic management.
• Postoperative pulmonary complications were lower and hospital length of stay shorter in the goal-directed therapy group despite similar volumes of fluid, but greater use of vasoactive drugs. management was guided either by epidural anaesthesia for subjects with thoracotomy or by paravertebral catheter for subjects with thoracoscopic resections. Afterwards sufficient pain management was conducted by systemic therapy. Our pain service took care of subjects from the first postoperative day onwards, together with daily respiratory therapy guided by physiotherapists. Medical and nursing staff as well as physiotherapists were blinded to group assignment.
Study design
Based on a computer-generated list (www.random.org) provided by an independent investigator following induction of anaesthesia, subjects were randomly allocated (using sequentially numbered, opaque, sealed envelopes) to one of two groups:
(A) goal-directed therapy (GDT) group based on an ODM-guided algorithm; (B) control group with conventional fluid and haemodynamic management along standard operating procedures (see below). The allocation ratio was 1:1. Written informed consent was obtained prior to enrolling subjects in the study. Research personnel not involved in treatment assessed postoperative outcome variables and were blinded to group assignment and interventions. The nature of the study did not allow complete blinding of anaesthetic care providers. The anaesthesiologist in charge in the operating room had to stick either to the ERAS algorithm or to the control group management, so blinding in the operating room was not possible. In the postoperative period surgeons, physiotherapists, medical and nursing staff on the intermediate care unit were blinded to group assignment. In both groups of subjects, immediately following induction of anaesthesia a Doppler probe was placed in the oesophagus monitored by aortic visual and auditory signals (Deltex Medical TM , Chichester, United Kingdom). In subjects in the control group, the OD monitor (displaying stroke volume and cardiac index) was covered and made invisible to the treating anaesthesiologist. The ODM variables were recorded online and analysed off-line by an independent investigator who was not involved in the care of the subject. In both groups, intraoperative maintenance rate of crystalloid fluids was 3 ml kg À1 h
À1
. ODMderived haemodynamic data were acquired at three time periods: before start of surgery, during OLV and at the end of surgery.
Subjects randomized to the GDT group were managed according to the ERAS V R algorithm utilizing ODM variables (i.e., mean arterial pressure (MAP), stroke volume and cardiac index) (Fig. 2 ) 17 Following induction of anaesthesia, a bolus of 200 ml of crystalloid fluid was administered. If stroke volume increased by ! 10%, additional boli of 200 ml were given until the increase in stroke volume was < 10%. As long as MAP was < 70 mmHg and/or cardiac index (CI) < 2.5 l min À1 m À2 despite an increase in stroke volume of < 10% following fluid challenge, low dose norepinephrine by continuous infusion and/or boli of 10 mg ephedrine were administered. Fluid responsiveness and haemodynamic variables were reassessed at least every 15 min, and more frequently in case of haemodynamic instability, and managed as described above (Fig. 2) . ODM variables were recorded every 15 min. Subjects allocated to the control group were haemodynamically managed as follows. Isolated hypotension (defined as 20% decrease in MAP below baseline or < 60 mmHg) was treated by a continuous infusion of norepinephrine up to a maximum rate of 0.25 mg kg À1 min
. If hypotension persisted, repeat boli of 10 mg ephedrine were administered until MAP was ! 60 mmHg. If hypotension was accompanied by signs of hypovolaemia (defined as urine output < 0.5 ml kg À1 h À1 and/or an increase in heart rate > 20% above baseline) crystalloid fluid was administered until urine output and/or heart rate normalized. Colloids were administered only when hypotension developed during acute haemorrhage. If hypotension persisted despite volume challenges, norepinephrine was administered as above ( Fig. 3 ).
Outcome measures
The primary endpoint was in-hospital PPCs. [27] [28] [29] PPCs include atelectasis, pneumonia, persistent bronchopleural fistula requiring re-operation, empyema, pulmonary embolism and respiratory failure ( Table 1 ). The diagnosis of atelectasis was made by a radiologist (who was blinded to group assignment) on the basis of routinely performed chest radiographs on postoperative days 1 and 3. Pneumonia was diagnosed if a patient presented with fever, leucocytosis and new infiltrates on chest radiography. Persistent bronchopleural fistula was verified by flexible bronchoscopy. Pleural empyema and pulmonary embolism were confirmed by CT scan. Respiratory failure was defined as described. 27 The PPCs mentioned here refer to nonpulmonary surgery, therefore specific complications after lung surgery were added while others were deleted. Every patient showed pleural effusion after thoracic surgery, for example. (myocardial infarction diagnosed by electrocardiogram and/or troponin T serum concentration; newly developed atrial fibrillation), clinically relevant hypotensive episodes (decrease in MAP ! 20% for more than 10 min requiring vasoactive medication), neurological morbidity (stroke and delirium), pleural effusion and pain intensity at rest and mobilization. Length of hospital stay was documented. Primary and secondary endpoints were re-assessed until 30 days after surgery. All outcomes were documented by research personnel unaware of group assignment.
Statistical analysis
Sample size calculation was based on a reported incidence of PPCs after lung surgery of approximately 24%. 4 We aimed to detect a reduction in the PPC rate to 3% with a power of 80% and a two-sided significance level of 5%, the calculated sample size was 48 subjects per group. Thus, 100 eligible subjects were randomized (Fig. 1) . Categorical data were analysed using Fisher's exact test. Continuous variables were examined for normal distribution. If data were normally distributed, independent samples t-test for normally distributed variables was performed. For not normally distributed data, the Mann-Whitney U test was used. For multiple testing, the Bonferroni correction was applied. Statistical analysis was performed using IBM, Ehningen, Germany SPSS Statistics 22 software.
Results
The CONSORT diagram is shown in the Figure 1 . Of 118 patients assessed for eligibility between January and June 2015, 100 were randomly assigned to either study group. Of the 18 patients not .
Atelectasis
Lung opacification with a shift of the mediastinum, hilum or hemidiaphragm toward the affected area, and compensatory over-inflation in the adjacent non-atelectatic lung Pneumonia
Patient received antibiotics for a suspected respiratory infection and met one or more of the following criteria: new or changed sputum, new or changed lung opacities, fever, white blood cell count > 12 x 10 9 l
À1
Pleural empyema Fever, white blood cell count > 12 x 10 9 l À1 and CT scan
Respiratory failure Postoperative arterial oxygen partial pressure < 8 kPa (60 mmHg) on room air, an arterial oxygen partial pressure to oxygen fraction ratio < 40 kPa (300 mmHg) or arterial oxyhaemoglobin saturation measured with pulse oximetry < 90% and requiring oxygen therapy which did not exist before surgery Pulmonary embolism Diagnosed by CT angiography without severity grading Bronchopleural fistula Diagnosed by flexible bronchoscopy; persistent requiring re-operation included in the study, five did not meet inclusion criteria, and 13 chose to not participate. Four patients initially randomized were excluded from data analysis: three due to an intraoperative blood loss of > 1500 ml, and one due to intraoperative finding of a neuronal tumour that did not require lung resection (Fig. 1) .
Baseline patient characteristics
Of all patient and surgical characteristics only body mass index (P ¼ 0.04) and preoperative pCO 2 (P ¼ 0.02) differed significantly between groups (Table 2) .
Primary endpoint and pulmonary complications
Forced expiratory volume in one second (FEV 1 ), vital capacity (VC), Tiffeneau index, and peak expiratory flow (PEF) ( Table 6) were comparable between the two groups. During the first 30 postoperative days 6 subjects in the GDT group and 15 in the control group developed PPCs (P ¼ 0.047) ( Table 3 ). The most common complication was atelectasis (GDT group, n ¼ 3; control group, n ¼ 7).
Intraoperative and haemodynamic data
Duration of surgery and anaesthesia, blood loss, administered fluids (crystalloids and colloids), urine output, and fluid balance were comparable between groups. The median and maximum doses of norepinephrine were lower in subjects in the GDT compared to the control group (both P < 0.0001). Twenty-five subjects in the GDT compared to 8 in the control group received ephedrine (P < 0.0001) ( Table 4) .
Before the start of surgery, during OLV and at the end of surgery, cardiac index (CI), stroke volume index (SVI), corrected flow time (FTc) and stroke distance (SD) were higher in the GDT group compared to the control group (all P < 0.001), whereas heart rate and peak aortic flow velocity were comparable between groups. MAP did not differ between groups before surgery or during OLV, but was significantly higher in the GDT than in the control group (Table 5) .
Secondary endpoints and postoperative characteristics
NRS pain scores, and cardiac, renal and neurological morbidity were comparable between groups. The volume of drained pleural effusion was lower in the GDT compared to the control group at 24 h and 72 h after surgery. Length of hospital stay was shorter in the GDT compared to the control group (Table 7) .
Discussion
In this randomized trial of the impact of ODM-guided GDT on PPCs in patients undergoing lung resections, subjects in the GDT group developed fewer PPCs than those of the control group with conventional management. The lower incidence of PPCs in the GDT compared to the control group was observed in the absence of differences in subject and surgical characteristics or in postoperative pain relief. The overall 22% incidence of PPCs in our study is in agreement with previous reports. 4 Secondary endpoints did not differ between groups, but length of hospital stay was shorter in the GDT compared to the control group. Defining the primary outcome as spirometrically determined postoperative pulmonary complications was an outright error. We realized this in the very beginning of the investigation because it became immediately apparent that spirometry was entirely impractical and ineffective in assessing PPCs as defined by the European Perioperative Clinical Outcome (EPCO) group, 27 by Mazo and colleagues 28 and by Canet and colleagues. 29 A repeat review of the respective literature confirmed that spirometry might be useful in detecting pulmonary dysfunction, but not in detecting pulmonary complications as per our definitions. Spirometric results simply depend too much on patient effort and amount of resected lung tissue to be useful in the assessment of PPCs after lung resection surgery. Once we realized our misconception regarding the assumed usefulness of spirometry, the trial was already ongoing, and it was too late for a revision of the trial registration. On the other hand, PPCs were defined as a primary outcome variable, so we selected the accepted definition of PPCs which we assessed by reported methods. 27 Furthermore, the a priori power analysis was solely based on this outcome. Although there was a significant difference between groups in the incidence of PPCs, spirometry results were comparable between groups. This confirms previous findings of lack of correlation between spirometry results and PPCs. 31 This might in part reflect the effort-dependency of spirometry that is reduced postoperatively. Furthermore, as lung function is influenced by the amount of resected lung, spirometry cannot be expected to correlate with PPCs when the amount of resected lung varies between patients.
32
OLV is associated with transient lung hypoperfusion caused by hypoxic pulmonary vasoconstriction which can lead to localized tissue ischaemia. Reperfusion at the time of lung reexpansion might induce some degree of ischaemia/reperfusion injury. 9 33 It is conceivable that optimization of cardiac output specifically improved perfusion of the collapsed lung during OLV by increasing bronchial arterial blood flow and attenuating ischaemia/reperfusion injury following re-expansion of the lung. Optimization of cardiac performance without fluid overload might have led to an improvement of lung tissue oxygenation. Use of more inotropes and less vasopressors in the GDT group might have improved lung perfusion following increased stroke volume and CI. We speculate this might reduce PPCs. The impact of ODM-guided intraoperative management on outcome of patients undergoing lung surgery has not previously been investigated. Different GDT algorithms with varying outcomes have been reported in non-pulmonary surgery. 20-23 25 Some of the latest studies on goal-directed intraoperative fluid management did not show a difference in outcome when colloid fluid boluses were administered to optimize cardiac stroke volume in abdominal surgery. [34] [35] [36] Compared to other studies we did not use colloid fluids to optimize stroke volume due to its side effects that can influence outcome. 37 In our study ODM-guided GDT resulted in higher cardiac indices in the GDT compared to the control group. We optimized oxygen delivery not only by ODM-guided fluid administration, but by additional administration of inotropic drugs. Although Pestana and colleagues were not able to show a difference in outcome in colorectal patients, 35 a meta-analysis showed that optimizing cardiac index by a combination of goaldirected fluid therapy and inotropic drugs led to better outcome than goal-directed fluid therapy alone. 38 Subjects in the GDT group had lower dosages of vasopressors but treatment with inotropic drugs was more frequent. Despite such differences, the amount of administered fluids was comparable between groups. The timing of stroke volume optimization might be crucial. Using crystalloid fluids, the volume effect will vanish sooner compared to colloids; due to diffusion crystalloids move into the tissue, while only minor amounts remain intravascular. 39 Fluid administration in the control group might have been administered at a time, when cardiac index was still sufficient, although MAP was below 65 mmHg due to general or epidural anaesthesia. Therefore, fluid administration could be considered late if parameters indicating hypovolaemia (such as heart rate, hypotension, urine output) are used for the decision to initiate fluid treatment, while the actual hypovolaemic status due to decreased stroke volume and cardiac index may already exist for some time. In total, both groups received the same amount of fluids, however guided by different parameters. In the GDT group continuous stroke volume monitoring using the ERAS algorithm, and early and cardiac-performanceguided fluid management including inotropes and vasopressors were used, compared to the more usual reaction to delayed parameters like tachycardia and low urinary output, which indicate an already existing hypovolaemic status. If stroke volume increase was < 10% after fluid administration inotropic therapy was used to avoid a low cardiac output and in this way optimizing organ perfusion without risking over-hydration.
This may be especially important in lung surgery where fluid overload can be detrimental. Both groups received intravascular fluids of approximately 6 ml kg À1 h À1 with a total mean of 2000 ml in accordance with present recommendations. 40 Patients receiving perioperative fluids 2500 ml 6 7 41 or on average 7.2 ml kg À1 h
À1
did not develop acute lung injury after lung surgery. By contrast, those given a mean of 9.1 ml kg À1 h À1 developed lung injury. 8 In our study the GDT group received more ephedrine and less norepinephrine compared to the control group. The median cardiac index in the control group did not reach 2.5 l min À1 m
À2
, which was used as a threshold in the GDT group, after which inotropic therapy was initiated. Apart from that, subjects in the GDT and control groups showed no clinically relevant difference in intraoperative MAP before surgery and during OLV. However, at the end of surgery MAP levels was higher after GDT. Use of norepinephrine, which is a potent a 1 -agonist, might not be the first choice to optimize organ perfusion, especially in lung tissue. Perhaps ephedrine is the better choice.
ODM-guided haemodynamic and fluid management did not modify perioperative cardiac and renal morbidities. Previous studies have shown that ODM-guided fluid management was associated with a reduced length of hospital stay secondary to reduced morbidity. [20] [21] [22] In agreement with these findings, in our study length of hospital stay was shorter in the GDT compared to the control group. However, the findings on cardiac and renal morbidities, and length of hospital stay must be viewed with caution because this study was not sufficiently powered to allow reliable statistical assessment of these outcome variables. Although the difference in BMI between groups is statistically significant, the clinical relevance of a difference in BMI of 27 vs. 25 Our study has several limitations. The management of the GDT group was primarily guided by pre-set haemodynamic target values. Individual subjects might have benefited from a more individualized approach. OD monitoring was used to guide fluid management. Calculations of stroke volume and cardiac index are based on an assumed aortic diameter derived from patient weight and height. Anomalies of the descending aorta can result in over-or underestimation of cardiac index. 43 We cannot entirely exclude that the difference between groups in the amount of administered catecholamines contributed to the difference in PPCs between groups. Although members of the team caring for subjects postoperatively were blinded to group assignments, management of both groups was not based on a study protocol. In summary, ODM-guided GDT in patients undergoing lung surgery was associated with reduction in PPCs. This study should be considered a pilot study for future studies including more medical centres with more patients to validate our results and to draw conclusions on other outcome variables, i.e. renal and cardiac complications for which this study was not powered sufficiently. 
